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Extraparenchymal pulmonary vein flow profiles were
assessed by pulsed Doppler echocardiography in three
groups of patients. Group I comprised 41 normal pa-
tients. Group II comprised 16 patients, 10 of whom had
nonpulsatile pulmonary artery flow (5 with a right atrium
to pulmonary artery Fontan procedure and 5 with a
Glenn shunt). Six patients with pulsatile pulmonary ar-
tery flow had simultaneous Doppler and left atrial pres-
sure measurements during cardiac catheterization. Group
III comprised one patient with pulmonary vein obstruc-
tion, six with a large left to right shunt at ventricular
level and two with pulmonary vascular disease.
In Group I, biphasic forward pulmonary vein flow
occurring during ventricular systole and diastole was
observed in 26 subjects, 15 others had triphasic flow. In
those with triphasic flow, the ventricular systolic com-
ponent was divided into early and late. Reversed flow
Patterns of normal pulmonary vein fl ow are complex. Con-
troversy has centered on the effect of left atrial pressure
dynamics versus transmission of pulsatile flow through the
lungs on flow in the extraparenchymal pulmonary veins
(1-5) . Recent experimental data (I ) favor the influence of
intravascular transmitted pressures on intraparenchymal veins.
with the extraparenchymal flow being under the influence
of left atrial pressure events and changes in mediastinal
pressure. However, experimental data from both human
subjects and animals have been derived largely from open
chest models that may be nonphysiologic and inapplicable
to the intact situation.
Pulsed Doppler echocardiography allows the examiner
to assess the velocity of flow at a specifi c point and is a
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in the pulmonary veins during atrial systole was seen in
36 of the 41 subjects, The flow pattern in Group II was
identical irrespective of the presence of pulsatile or non-
pulsatile flow. The two periods of ventricular systolic
flow occurred during the a to c and c to x descent, with
the ventricular diastolic flow occurring during the y de-
scent. Variations in waveform were mirrored in the left
atrial pressure. Neither increased nor decreased pul-
monary artery flow substantially altered the pattern.
Pulmonary vein obstruction produced a distinctive pat-
tern of high velocity turbulent flow.
This technique demonstrates that extraparenchymal
pulmonary vein flow is dependent on left atrial pressure
events. It has major potential applications in patients
who are prone to develop pulmonary vein obstruction.
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potentially ideal method to study extraparenchymal pul-
monary vein flow (6). The aims of our study were I) to
evaluate the role of pulsed Doppler echocardiography in
assessing normal extraparenchymal pulmonary vein flow,
2) to test the hypothesis that extraparenchymal pulmonary
vein flow is dependent on left atrial pressure events, and 3)
to evaluate the effect of increased or decreased pulmonary
blood flow and pulmonary vein obstruction on flow profiles.
Methods
Three groups of patients (total 66) were evaluated. Group
I comprised 41 patients with a structurally normal heart.
The median age was 5.4 years (range I day to 17 years).
Group /I comprised 16 patients, of whom 10 had n~n­
pulsatile flow in the main pulmonary artery (5 after a Fontan
[right atrium to pulmonary artery] procedure and 5 after a
Glenn [superior vena cava to pulmonary artery]) shunt. Their
ages ranged from 6 to 18years (median 12.7). In three post-
Fontan patients simultaneous left atrial pressure and Doppler
velocity measurements were obtained (in two in the inten-
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sive care unit and in one at cardiac catheterization). Six
other patients with pulsatile flow in the main pulmonary
artery were evaluated during routine cardiac catheterization
with left atrial pressure measured using a 5F Miller high
fidelity catheter.
Group III comprised nine patients, one with obstructed
left-sided pulmonary vein flow documented at angiography
and autopsy, six with a large left to right shunt at ventricular
level (pulmonary to systemic flow ratio> 2: I) and two with
pulmonary vascular disease documented hemodynamically
and by lung biopsy. All 66 patients had sinus rhythm at the
time of the study.
Echocardiographic evaluation. All patients but one were
studed using either an Advanced Technology Laboratory
mechanical sector scanner (MK 600) or a Hewlett-Packard
77020 A ultrasound unit. Real-time studies were performed
at a frequency of 3, 5 or 7.5 MHz, depending on the size
of the patient, with pulsed Doppler interrogation of the
pulmonary vein flow performed at a transmitted frequency
of 5 or 3 MHz. The sample volume size used has an axial
dimension of 1.5 mm on the Advanced Technology Lab-
oratory system and 1.6 mm on the Hewlett-Packardsystem.
The lateral dimension at both 5 and 3.5 MHz is O. 13 x
depth in centimeters. Filter settings were kept as low as
possible (average 200 Hz) so that low frequency flow would
not be removed from the signal. One additional patient with
a small muscular ventricular septal defect was studied using
an Aloka 880 color flow Doppler machine with flow map-
ping performed during real time and then in the pulsed
mode.
Right upper lobe vein flow. The patientswere examined
during quiet respiration in the supine position with slight
right anterior oblique angulation. An apical four chamber
view was first obtained to visualize the right upper lobe
pulmonary vein, whichenters close to the interatrialseptum.
The Doppler sample volume was placed in the mouth of the
vein with the beam situated as parallel as possible to the
visible portion of the extraparenchymal vein. The sample
volume was then moved just beyond the vein orifice and
into the left atrium in an attempt to determine the changes
in Doppler signal that occur as the vein flow disperses into
the left atrium.
In the apical four chamber view the left lower lobe pul-
monary vein can be identified draining into the left atrium
in close proximity to the left atrial appendage. Although it
is not possible to align the sample volume parallel to the
vein, a velocity profile can be obtained in its orifice and a
qualitative flow pattern recorded. The remaining pulmonary
veins may be visualized by a combination of suprasternal
and subcostal views. However, the inability to obtain a low
angle of incidence between the sample volume and direction
of flow, and thus to ensure an accurate flow profile in the
normal patient, caused us to concentrate our analysis on the
patterns obtained from the right upper lobe pulmonary vein.
Velocity profile. It is not possible to visualize enough of
the length of the right upper lobe pulmonary vein to ac-
curately allow for angle correction of the recorded velocity.
For this reason it was not possible to calculate the peaks of
the velocity profile. To determine the relation between flow
occurring during ventricular systole and diastole, which would
be independent of the Doppler angle, the area during ven-
tricular systole and diastole was calculated. This was achieved
by choosing a still Doppler frame from the video recording.
A velocity profile with clear boundaries during systole and
diastole was then chosen. A perpendicular line in the trough
between ventricular systole and diastole was dropped to the
baseline using a light pen on a digitizing pad. The area to
the left of the line represented ventricular systole and to the
right represented diastolic flow. The heart rate was also
calculated for the appropriate cardiac cycle. The boundaries
were then measured by planimetry and the ratio of ventric-
ular systolic to diastolic flow was calculated. This ratio was
then plotted against the heart rate using linear regression
analysis and the 95% confidence limits were determined.
Results
Normal pulmonary vein flow (Group I). In all 41 cases,
interrogation of the right upper lobe pulmonary vein from
the apical four chamber view provided the best velocity
profile. When sampling in this vein proximal to the orifice,
biphasic laminar flow was detected in 26 cases, with one
forward peak occurring during ventricular systole and one
during ventriculardiastole. A secondsystolic peakoccurring
during early systole was detected in 15 cases (Fig. I, left
panels). Reversed flow during atrial systole was seen in 36
cases (Fig. 2). In the remaining five patients, who were
younger children with a faster heart rate, this period of
reversed flow was not observed. With increasing heart rate
the diastolic period of flowshortened, and the peaks blended
to that only a brief period of decreased flow occurred.
The pattern offlow beyond the pulmonary vein differed
from that within its orifice. Just distal to the orifice the
diastolic component remained unchanged but the systolic
component lost its phasic characteristics. As the sample
volume was moved further distally, very little ventricular
systolic flow could be detected (Fig I, right panels). Sim-
ilarly, it was more difficult to detect reversed flow during
atrial systole as the sample volume was moved distal to the
vein orifice.
When the sample volume was moved into the orifice of
the mitral valve, and subsequentlythrough it, the component
of flow during atrial systole could be detected. This tended
to blend in with the rapid diastolic component in patients
with a fast heart rate. The waveform in the left lower lobe
pulmonaryvein qualitatively resembled that seen in the right
upper lobe vein, although it was of a lower velocity. This
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Figure 1. Pulmonary vein flow pattern obtained from the right
upper pulmonary vein. Upper left, Apical four chamber view
demonstrating the position of the sample volume in the right pul-
monary vein. Lower left, Doppler velocity profile. Note the three
peaks, two occurring during early (es) and late (Is) ventricular
systole andthethird during ventricular diastole (vd). Upper right,
Sample volume ismoved distal to thevein orifice in theleftatrium
(LA). Note the change in the velocity profile during ventricular
systole (vs) in the lower right panel. LV = left ventricle; RA
= right atrium; RV = right ventricle.
is presumably due to the large angle between the direction
of flow and Doppler interrogation.
During quiet respiration. only minor changes in velocity
profile were observed. In particular, either the pulmonary
vein velocity profile was reduced or there was blending of
the two systolic peaks. These changes may represent res-
piratory variations or movement of the sample volume out
of the vein orifice, The ratio of ventricular systolic to dia-
stolic flow plotted against heart rate showed the general
trend of an increased ratio with increasing heart rate, most
probably due to the decreased period of ventricular diastole
(r = 0.551, SEE 0.57). The standard error of the estimate
was large, however, which may indicate the technical dif-
ficulties involved in obtaining this measurement.
Patients with a Glenn or Fontan procedure. In all 16
patients the extraparenchymal pulmonary vein flow was bi-
phasic and resembled the normal flow pattern (Fig, 2). In
patients with a Fontan procedure, pulmonary artery flow was
nonpulsatiIe with forward flow occurring predominantly during
ventricular diastole. The flow patterns in the right and left
veins in those with a unilateral Glenn shunt were identical.
In the three patients in whom left atrial pressure measure-
ment was available, the vein flow pattern mirrored the wave-
form seen in the left atrium; that is, there were peaks during
Figure 2. Pulmonary vein Doppler flow pattern obtained from the
right pulmonary vein after a Fontan procedure (right atrium to
pulmonary artery). Note that the velocity profile is similar to that
of the normal patient with onepeak during ventricular systole (vs)
andoneduring ventricular diastole (vd). Also observe thereversed
flow during atrial systole (a).
1' 4m/s
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ventricular diastole (y descent) and ventricular systole (x
descent). In the patient with a Fontan procedure studied
immediately after surgery, decreased systolic flow was ob-
served, which corresponded to a small (a to c) and (c to x)
wave on the left atrial pressure tracing (Fig. 3).
The pulmonary vein profile mirrored the left atrial wave-
forms in the six patients with pulsatile flow who had si-
multaneous pressure measurements. Maximal flow occurred
during the x and y descent and minimal flow during the A
and V waves. There was a time lag between peak flow and
the pressure drop, which is to be expected if flow is de-
pendent on pressure. There was an inverse relation between
the magnitude of the x descent and systolic flow and between
the y descent and diastolic flow (Fig. 4).
Triphasic flow in the pulsed mode was observed in the
patient who underwent color flow mapping. Three periods
of forward and one of reversed flow could be clearly iden-
tified by timing the events with the electrocardiogram. For-
~. I · I ..... :' I I'- : i , !
Figure 3. Simultaneous left atrial pressure and Doppler velocity
tracings in a patient after a Fontan procedure. The vein waveform
corresponds inversely with the left atrial pressure seen in the trac-
ing. Despite the lack of pulsatile flow, a late systole (Is) peak is
observed. c, v, x and y waves are seen in the left atrial pressure
trace.
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Figure 4. Doppler flow studies in a patient with pulsatile flow in
the main pulmonary artery. Upper panel, Simultaneous pressure
and flow trace demonstrating the slight delay between the two
events (black arrows) and their inverse relation. Unlike the lower
panel, from a patient with a faster heart rate, ventricular diastolic
flow predominates, corresponding with a greater y descent. Ab-
breviations as in Figure I.
ward red flow was observed from the right pulmonary veins;
forward blue flow in the opposite direction was seen in the
left lower lobe pulmonary vein (Fig. 5).
Patients with alterations in flow (Group III). The flow
pattern was qualitatively normal in the two patients with
pulmonary vascular disease. In the six patients with a large
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left to right ventricular shunt, the velocity profile was lam-
inar and also resembled that observed in the normal group.
In two there was a single curve that peaked during early
diastole and in timing represented the period of rapid dia-
stolic filling of the left ventricle (Fig. 6). In the patient with
obstruction to the left pulmonary veins, a high velocity
turbulent pattern of flow was detected at their orifice which
joined the left atrium as a single channel (Fig. 7). As the
sample volume was moved distally, it was still possible to
detect the turbulent pattern at the orifice of the mitral valve.
Discussion
Experimental data regarding normal pulmonary vein
flow. The cause of pulmonary vein flow patterns has been
a controversial issue. Experiments in dogs (2) using long-
term implanted electromagnetic flow probes suggested that
the dominant systolic flow was due to transmitted right
ventricular pulsations through the capillary bed. This was
later supported by studies (3) using an isolated lobe prep-
aration in open chest dogs. In contrast, further experiments
(4,5) with simultaneous pressure measurements emphasized
the effect of left atrial pressure events on pulmonary vein
flow. These flow experiments suggested the flow to be bi-
phasic with peaks during ventricular systole and ventricular
diastole. The cause of the systolic component was not clear.
Some authors believed it was due to the descent of the
atrioventricular (AV) valves, whereas others believed that
it was the result of transmission through the capillaries of
a right ventricular systolic pressure wave.
Skagseth (7) studied pulmonary vein flow in patients
subjected to thoracotomy for varying types of lung disease,
and demonstrated an inverse relation between the pulmonary
vein flow and left atrial pressure. Further observations in
humans by Jenkins et al. (8) confirmed this basic pattern.
Figure 5. Color Doppler image in a patient with normal pulmo-
naryveinflow. Left, Duringearly systolewith red floworiginating
from the right pulmonary vein (rpv) and blue from the left lower
lobe vein (lpv). Right, Period of rapid diastolic filling. Note the
mixing of the two colors. la = left atrium; Iv = left ventricle.
After a series of experiments, Rajagopalan and colleagues
(1,9,10) concluded that extraparenchymal pulmonary vein
flow was due purely to left atrial pressure events and that
the intraparenchymal vein flow pattern was similar to trans-
mitted impulses from the right ventricle.
Doppler patterns of pulmonary vein flow. Velocity
patterns recorded in this study correspond with experiments
showing that extraparenchymal pulmonary vein flow is bi-
phasic or triphasic. The great advantage of this approach is
that flow can be studied without distortion due to instru-
mentation, either externally with flow cuffs or intraluminally
by probes inserted into the veins. In every case in which
left atrial pressures were available, peak flows corresponded
with the inverse pressure relation theory. This has not been
demonstrated in previous Doppler studies (6, II). In the
patients with a Glenn or Fontan procedure, the presence of
a dominant systolic flow pattern substantiates the belief of
Rajagopalans et al. (I ,9, 10) that transmission from the right
ventricle plays no role in extraparenchymal pulmonary vein
flow.
The question of whether this technique assesses true pul-
monary vein flow or left atrial flow is answered by the
alteration in flow patterns as the sample volume was moved
from pulmonary vein to left atrium. In no case was laminar
systolic flow detected in the left atrium; indeed, when the
sample volume was moved beyond the vein orifice it was
difficult to detect systolic flow. This is also confirmed by
color flow mapping, where the various components of pul-
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Figure 6. Doppler velocity profile in an infant with a
large left to right shunt at ventricular level. Note that
one main peak of flow occurs with a maximal velocity
during early ventricular diastole. No evidence of tur-
bulence is present.
monary vein flow (documented by pulsed Doppler echo-
cardiography) can be observed in real time. In an earlier
study by Pickoff et al. (II), flow was divided into either a
biphasic or a holosystolic diastolic pattern; however, no
mention of heart rate or the relation of the sample volume
to the pulmonary veins was mentioned. Similarly, in a recent
report by Gad et al. (6), these aspects were overlooked.
Increasing heart rate affects the flow pattern by shortening
the period of diastole such that blending of the systolic and
diastolic peaks occurs (Fig. 6) until only one peak is ob-
served at a rapid rate.
The precordial four chamber view is the best view for
reliably assessing the quantitative nature of right upper
pulmonary vein flow. This vein can be imaged in each case
and a satisfactory velocity profile can be obtained. Despite
.~.- . ..-.. ---- ~
an attempt by Gad et al. (6) to correct the angle, we believe
such correction is not valid because only a small portion
of the vein can be imaged. Similarly, a ratio of ventricular
systolic to diastolic flow was measured by Gad et al. (6)
but was not corrected for heart rate, presumably because
their patient population was older. Although the relation of
this ratio to heart rate shows only a general trend, it is
important to bear this in mind when attempting to quantitate
velocity of flow during the two phases.
Sampling in the other veins demonstrates a qualitatively
similar but lower velocity pattern, because of the greater
angle. Although the relation of the two components remains
constant irrespective of the angle, it was difficult to measure
the components in the other veins because of the size of the
velocity profile. In these other positions it is unusual to
Figure 7. Dopplervelocityflowtrace in a patientwith
pulmonary vein stenosis. Note the high velocity tur-
bulent pattern (arrow) with aliasing (alias) that differs
markedly from the normal laminar velocity profile.
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detect reversed flow during the A wave, and artifact from
wall noise is also common. If the wall filter is increased to
remove this artifact, the low frequency signal from the atrial
systolic flow will be filtered out. In each of these cases,
despite the inability to detect reversed flow in the veins, the
atrial systolic componentcould be detected through the mi-
tral valve, indicating normal systolic atrial function.
Factors altering pulmonary vein flow. Quiet respira-
tion appears to have a negligible effect on the flow pattern,
which agrees with experimental data. Some alterations in
peak velocity were observed, which may in part be attrib-
utable to the sample volume shifting as the heart moves,
particularlyat faster rates. It is difficult to use this technique
to assess venous flow during deep breathing, because the
sample volume tends to move out of the pulmonary vein.
In patients with pulmonary hypertension and vascular
disease, the flow pattern was similar to that observed in
normalpatients, whichreinforces the conceptof dependence
on left atrial pressure events (I). Also, in those cases with
a large left to right shunt at ventricular level, the pattern
was again normal with no evidence of turbulence. All these
patterns differed markedly from that of the patient with
obstructed venous flow. In this patient, disturbed and tur-
bulent high velocity flow could be detected as far distally
as the mitral valve orifice. This pattern of flow appears to
be characteristic of pulmonary vein obstruction (12,13).
Clinical applications. What is the clinical role of pul-
monary vein flow as assessed by pulsed Dopplerechocardi-
ography? In the absence of obstruction, the velocity profile
was laminar, irrespective of the amountof pulmonary flow.
Alterations of the velocity profile under these circumstances
are related purely to left atrial pressure dynamics. The pat-
tern of flow observed in the patient with obstruction is iden-
tical to that reported in patients with pulmonary vein ob-
struction after a Mustard or Senning procedure (12) or in
patients with isolated pulmonary vein stenosis (13). In our
experience, this also applies to those patients with venous
obstruction after repair of total anomalous pulmonary ve-
nous connection. This technique, therefore, yields quali-
tative information about pulmonary vein flow and can pro-
vide important information in a subgroup of patients with
congenital heart disease who may develop pulmonary vein
obstruction. Sirniarly, it can be used to exclude congenital
pulmonary vein stenosis as a cause of pulmonary hyperten-
sion in the patient with an otherwise normal heart.
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